The mitochondrial DNA (mtDNA) encompasses two classes of functionally important sequence variants: recent pathogenic mutations and ancient adaptive polymorphisms. To rapidly and cheaply evaluate both classes of single nucleotide variants (SNVs), we have developed an integrated system in which mtDNA SNVs are analyzed by multiplex primer extension using the SNaPshot system. A multiplex PCR amplification strategy was used to amplify the entire mtDNA, a computer program identifies optimal extension primers, and a complete global haplotyping system is also proposed. This system genotypes SNVs on multiplexed mtDNA PCR products or directly from enriched mtDNA samples and can quantify heteroplasmic variants down to 0.8% using a standard curve. With this system, we have developed assays for testing the common pathogenic mutations in four multiplex panels: two genotype the 13 most common pathogenic mtDNA mutations and two genotype the 10 most common Leber Hereditary Optic Neuropathy mutations along with haplogroups J and T. We use a hierarchal system of 140 SNVs to delineate the major global mtDNA haplogroups based on a global phylogenetic tree of coding region polymorphisms. This system should permit rapid and inexpensive genotyping of pathogenic and lineagespecific mtDNA SNVs by clinical and research laboratories.
Introduction
Both recent deleterious mutations and ancient functional polymorphisms in the mtDNA need to be considered when evaluating patients for mitochondrial disease or in various clinical and research applications. The mtDNA has a very high mutation rate and as mtDNA proteins are highly evolutionarily conserved, most de novo mtDNA mutations are deleterious. Occasionally, an mtDNA mutation alters OXPHOS in a manner that is not deleterious and therefore is not purified from the population. These variants can be neutral or beneficial in certain environments and are therefore enriched by natural selection. This results in mtDNA lineages being associated with indigenous populations of specific geographic regions and these sequence polymorphisms in mtDNA are then accumulated along maternally inherited lineages. The resulting groups of related haplotypes are known as haplogroups RuizPesini and Wallace, 2006) .
The maternally inherited mtDNA is present in thousands of copies per cell and has a very high sequence evolution rate (Wallace, 2005a (Wallace, , 2007 . As a result, new mtDNA mutations arise frequently in the maternal germline, initially present as a mixture of the normal and mutant mtDNAs known as heteroplasmy. Heteroplasmic mutations then segregate during mitotic and meiotic replication to yield pure mutant or normal mtDNAs, homoplasmy.
Because deleterious mutations are continuously being removed by selection, existing pathogenic mutations must have arisen recently. Initially, they are heteroplasmic and as the percentage of mutant mtDNAs increases mitochondrial dysfunction occurs, resulting in disease. As the more severe mutations are lethal at higher percentages of heteroplasmy, they are generally heteroplasmic in clinical specimens. This class of mutations includes the tRNA Lys m.8344A)G mutation associated with myoclonic epilepsy and ragged red fiber (MERRF) disease (Wallace et al., 1988b; Shoffner et al., 1990) ; the tRNA Leu(UUR) m.3243A)G mutation associated with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like symptoms (MELAS) (Goto et al., 1990) ; the ND6 m.14459G)A mutation associated with Leber Hereditary Optic Neuropathy (LHON) and dystonia (Jun et al., 1994) ; and the ATP6 m.8993T)G and T)C mutations associated with neurogenic muscle weakness, ataxia, and retinitis pigmentosa (NARP) and Leigh Syndrome (LS) (Holt et al., 1990) . Milder deleterious mutations can segregate to homoplasmy, without blocking reproduction. Examples of these mutations include the 12S rRNA m.1555A)G deafness mutation (Prezant et al., 1993; Fischel-Ghodsian et al., 1997) , the ND4 m.11778G)A LHON mutation (Wallace et al., 1988a) , the ND1 m.3460G)A LHON mutation (Huoponen et al., 1991) , the ND6 m.14484 T)C LHON mutation (Johns et al., 1992) , and the ND3 m.10663T)C LHON mutation (Brown et al., 2002) . Currently, there are dozens of confirmed pathogenic mtDNA mutations. In total, over 200 have been reported but still require further work to confirm their pathogenicity (http://www.mitomap.org) .
To become polymorphic, mutations must become enriched in a particular population over many generations. Hence, they are generally ancient and most commonly associated with a particular haplogroup. In sub-Saharan Africans most mtDNAs belong to haplogroups L0, L1, L2, and L3, all of which are encompassed within macro-haplogroup L. In Euroasians, most mtDNAs radiated from two macro-haplogroups, M and N, both derived from L3. Macro-haplogroup N radiated into Europe giving rise to haplogroups H, I, J, Uk, T, U, V, W and X, and both macro-haplogroups M and N radiated into Asia, M giving rise to haplogroups C, D, G and many others and N to haplogroups A, B, F and others. Of the Asian haplogroups, only A, C, and D crossed the Bering land bridge to be the first human inhabitants of the Americas. A, C, and D were subsequently joined in the Americas by haplogroups B and X (Wallace et al., 1999) .
The functional importance of mtDNA haplogroups has been supported by their association with a broad spectrum of clinical phenotypes. LHON mutations m.10663T)C, m.11778G)A, and m.14484T)C are frequently associated with European mtDNA haplogroup J (Brown et al., 1995 (Brown et al., , 2002 Torroni et al., 1997) . Haplogroup J is also associated with longevity in Europeans (Ivanova et al., 1998; De Benedictis et al., 1999; Rose et al., 2001; Niemi et al., 2003) and D with longevity in Asians (Tanaka et al., 1998 (Tanaka et al., , 2000 . The haplogroup H correlates with increased risk, and haplogroups J and Uk with decreased risk, for developing Parkinson's disease (van der Walt et al., 2003; Ghezzi et al., 2005; Khusnutdinova et al., 2008) . The haplogroup H m.4336T)C variant is associated with increased risk of Alzheimer's disease and haplogroups U and T with decreased risk (Shoffner et al., 1993; Chagnon et al., 1999; Carrieri et al., 2001; van der Walt et al., 2004) . Haplogroup H is also associated with reduced risk of age-related macular degeneration, whereas haplogroups J and U are associated with increased risk of macular degeneration, as well as increased drusen levels and retinal pigment abnormalities (Jones et al., 2007; Udar et al., 2009) . Haplogroup J has been associated with increased risk of diabetes in certain European populations (Mohlke et al., 2005; Crispim et al., 2006; Saxena et al., 2006) , and N9a with decreased risk of diabetes, metabolic syndrome, and myocardial infarction in Asians Nishigaki et al., 2007) . Haplogroup H has been associated with protection against sepsis (Baudouin et al., 2005) , U with increased serum IgE levels (Raby et al., 2007) , and certain subtypes of H and Uk with protection against the diverse complications of AIDs and antiretroviral induced lipodystrophy (Hendrickson et al., 2008 (Hendrickson et al., , 2009 . Finally, various haplogroups and single nucleotide variants (SNVs) have been correlated with altered risk for cancer (Gottlieb and Tomlinson, 2005; Wallace, 2005b; Booker et al., 2006; Brandon et al., 2006; Bai et al., 2007; Darvishi et al., 2007) .
A variety of methods have been developed to detect pathogenic and polymorphic SNVs. These include high pressure liquid chromatography (dHPLC) of heteroduplexes (van den Bosch et al., 2000) , restriction analysis resolved by dHPLC (Procaccio et al., 2006) , luminex genotyping , Surveyor nuclease-mediated heteroduplex digestion (Bannwarth et al., 2005) , etc. Unfortunately, these methods can be limited by low throughput, high cost, inability to quantify heteroplasmy, or complexity in interpreting the results. To permit rapid and inexpensive screening for pathogenic and haplogroup-specific SNVs, we report the application of the SNaPshot primer extension system to mtDNA SNVs. This system permits the interrogation of any mtDNA SNV as well as the quantification of heteroplasmy which can be useful for clinical investigation. There are several previous examples of using the SNaPshot system to test for population genetic, clinical, or forensic uses (Brandstatter et al., 2003; Quintans et al., 2004; Crespillo et al., 2005; Filippini et al., 2007) . In the past, haplotyping has been restricted to specialists in the field of mitochondrial biology. The current paper extends previous efforts by providing key simplifications that generalize the technique allowing anyone to test for mtDNA based SNV for use in haplotyping or mutation detection in a multiplex manner. First, we have introduced a rho-zero tested set of amplicons which eliminate the potential for problems with nuclear DNA pseudogene amplification. Second, we provide an amplification system that encompasses the full coding region of the mtDNA so that amplicons no longer need to be redesigned or added to permit interrogation of additional SNVs. Third, we developed a web accessible primer design tool that quickly allows the selection of compatible primer extension sequences for a multiplex assay. Finally, we propose a haplotyping strategy that provides a straightforward method for classifying mtDNA haplogroups, thus permitting distinguishing between ancient polymorphisms and recent pathogenic mutations.
In contrast to limitations in previous systems utilizing SNaPshot to haplotype samples, our system is universal and able to utilize any designed extension primer found in mtDNA. Similar to previous designs, our design can determine the limits of detection for heteroplasmic variants (Brandstatter et al., 2003; Vallone et al., 2004; Nelson et al., 2007) . All of the previously designed systems have utilized many small amplicons to enrich amplification of low copy number samples. Although this is crucial for forensic work, it is needlessly complex for research or diagnostic use. In addition, each primer added to a multiplex mix complicates the mixture and the possibility of mispriming, pseudogene amplification, primer dimers, and interference during extension. For these reasons, we took an opposing track requiring a higher initial sample input (less than 200 ng total DNA per genome), but in turn amplifying the entire mtDNA coding region and therefore allowing for the interrogation of any coding region SNV of interest without switching amplification primer sets. This strategy also affords greater sensitivity in heteroplasmic detection. When combined with the newly developed primer design program and the phylogenetic tree 
Results

Genotyping procedure
A flow sheet for SNaPshot analysis of mtDNA pathogenic and haplogroup-associated SNVs is provided in Figure 2 . The sample mtDNA is either PCR amplified in two multiplex reactions containing seven coding region amplicons plus one control region amplicon, or the mtDNA is chemically purified and tested directly without amplification. Different length primers are used for each nucleotide locus to be interrogated, such that multiple different SNV tests can be resolved on a single ABI 3130xl capillary (Life Technologies, Inc., Carlsbad, CA, USA). The various primers for the SNVs to be interrogated together are mixed with the amplicons containing the appropriate template regions, and the primers extended with Taq polymerase in the presence of the four fluorescent-labeled dideoxynucleotides. The extended primers are then resolved according to their various lengths on an ABI 3130xl automated sequencer capillary. The fluorescent color incorporated into the 39 end of each primer and thus present in the primer bin indicates the SNV allele.
This system permits the direct identification of homoplasmic pathogenic mutations and haplogroup-specific polymorphisms which incorporate one dideoxynucleotide and fluoresce at a single wavelength. It also detects heteroplasmic pathogenic mutations which incorporate two dideoxynucleotides, one mutant and the other normal, and thus fluoresce at two wavelengths. The proportion of the two fluorescent colors can be used to determine the percentage of heteroplasmy, when compared with a standard curve.
SNV identity and heteroplasmy can be confirmed by various procedures including PCR amplification of the mtDNA surrounding the SNV using a FAM-labeled primer, digestion with a restriction enzyme that distinguishes the presence of the normal versus mutant base, and resolution of the fragments on an ABI 3130x1 sequencer (Sarzi et al., 2007) or by direct dideoxy sequencing.
Multiplex amplification of the two halves of the mtDNA
Clinically important SNVs are dispersed around the mtDNA, yet full-length mtDNA can be difficult to amplify from clinical samples. We therefore developed a system for amplifying the mtDNA in two parallel PCR reactions that when combined contained the entire coding region (Table 1) . Overlapping primer sets were chosen which function at the same primer concentrations and do not result in loss in signal strength relative to singleplex amplifications. Thus, two multiplex mixtures permit interrogation of all clinically relevant alleles.
Testing for pseudogene amplification using rho-zero cells
To avoid errors owing to nuclear-mtDNA pseudogene amplification, the regional PCR amplification primers were chosen The entire coding region is PCR amplified using multiplex amplification. Amplicons are EXOSAP-treated, mixed with non-overlapping primers designed to end at the base 59 to the SNV site of interest, and the primers cyclically extended using the four differentially fluorescently labeled dideoxyribonucleotides. The reactions are then treated with shrimp alkaline phosphatase (SAP) and resolved on an ABI 3130x1 capillary. The fluorescent base or bases incorporated into the 39 end of each primer then reveal the allele present for that SNV. By using multiple non-overlapping primers, multiple SNVs can be interrogated in one reaction. Individual SNV alleles can then be confirmed by quantitative SNaPshot analysis or by direct dideoxyribonucleotide sequencing. Heteroplasmy can be quantified by the relative fluorescence of the mutant and normal bases, compared against a standard curve containing SNV mixtures of known percentages. MITOMAP (Ruiz-Pesini et al., 2007) and MITOMASTER (Brandon et al., 2009 ) are then used for data interpretation.
such that no primer pairs were encompassed within a contiguous pseudogene . Similar primer sets have now been published. The nucleotide positions for 247 nDNA-mtDNA pseudogenes are available in MITOMASTER (Brandon et al., 2009) . Each primer pair was also tested against DNA extracted from cells which had been cured of their resident mtDNAs (r o cells) (King and Attardi, 1989) to confirm that the primer pair did not amplify any nDNA-encoded sequences. The primers listed in Table 1 fulfill these criteria.
Multiplex tests of common pathogenic alleles
Four pathogenic mutation multiplex reactions (MD1, MD2, LD1, and LD2) have been developed to test for the common pathogenic mtDNA mutations ( Table 2 ). The peak distributions of the normal alleles for all four reactions are shown in Figure 3A -D.
Multiplex assays MD1 and MD2 detect the 13 most common pathogenic mtDNA mutations (http://www.mitomap.org). The LD1 and LD2 multiplex assays detect the 10 most prevalent LHON mutations plus the three coding region SNVs which are commonly used to discriminate between haplogroups J and T (Brown et al., 1995 (Brown et al., , 2002 Torroni et al., 1997) . Most of the interrogated SNVs are biallelic. However, four pathogenic nucleotides have more than one allele: m.7445A)C or G for deafness, m.8993T)C or G for NARP/LS, m.3243A)G or T for MELAS, and m.14482C)A or G for LHON (Besch et al., 1999; Wallace et al., 2007) .
Primers for interrogating mutant alleles, which can be generated ranging from 18 to 70 nts, are displayed migrating from left to right in Figure 3 . The range of migrations for each primer following incorporation of the wild type (WT) or mutant bases has been determined to assure non-overlapping bins for the various primer alleles. The GeneMapper software (Life Technologies Inc., Carlsbad, CA, USA) has been customized to automatically identify the presence of a control or mutant peak for each SNV. The allele-specific bin settings are shown in Figure 3 as the faint pastel colored bands matching the color of the extended primer allele. To validate the accuracy of individual (not run on multiplex panels necessarily) SNV assays for pathogenic mutations and haplogroup SNVs, DNAs harboring the mutant and control base were analyzed in a small randomized blind study designed to contain both WT and mutant bases. In this case, samples of known pathogenic origin were provided to a researcher in coded format so that patient and control samples were masked. The SNaPshot assay was run and samples analyzed for the presence of any mutations. The results of the coded samples were compared to a key of the samples revealing the known mutations which could then be matched to the SNaPshot results. Two of the 19 samples were unable to amplify and therefore excluded from the study. The other 17 samples were successfully typed including 10 mutations: 8993T)C, 8993T)G, 3243A)G, 8344A)G, 14459G)A, 11778G)A, 1555A)G, 3460G)A, 14484T)C, and 8356T)C (data not shown).
The peak distribution of representative mutant alleles is presented in Figure 3E -I, indicated by a number and letter. MD1 1a shows the LHON nt 3460G normal allele and 1b the mutant nt 3460A allele. MD2 4a shows the normal nt 8993 allele (8993T), 4b the NARP-LS mutant allele 8993G, and 4c the alternative NARP-LS mutant allele 8993C found in a heteroplasmic state. LD1 1a shows the LHON nt 3460G normal allele and 1b is the 3460A mutant allele, LD2 3a the LHON nt 14484T normal allele and 3b is the nt 14484C mutant allele.
Quantification of heteroplasmy by primer extension
For the more severe pathogenic mutations it is generally important to quantify the percentage heteroplasmy, an influential factor in the severity of an individual's clinical symptoms (Genasetti et al., 2007) . However, the efficiency of incorporation of the different fluorescent-labeled nucleotides varies, so the patient results must be compared to a standard curve generated using known mixtures of cloned mutant and normal mtDNA fragments. The standard curves for varying mixtures of the common LHON m.3460G)A and m.14484T)C mutations, total of 1 ng DNA, have been generated by two-fold serial dilution from 50% heteroplasmy down to 0.8% for each of the two alleles, Figure 4A and C. In this experiment, a total of 1 ng of DNA was used. For example, for a 50% heteroplasmy, 0.5 ng of each plasmid was used. Therefore, to achieve a 25% heteroplasmy, 0.75 ng of one form was used and only 0.25 ng of the other would be added. Extension peaks were normalized using the area under the curve by comparison of the total area under the curve for both peaks to the area under the curve for each peak resulting in a percentage scale that corresponds directly to the percent heteroplasmy found in the sample. Correlation coefficients (R 2 ) for both SNV loci were greater than 0.99 ( Figure 4B and D) , confirming the accuracy and efficiency of the SNaPshot system for detecting heteroplasmy (Cassandrini et al., 2006 ) over a range of at least two orders of magnitude. This compares favorably with other methods for quantifying heteroplasmy including FAM labeling, DHPLC, real-time PCR, and pyrosequencing (Procaccio et al., 2006; Sarzi et al., 2007) .
Analysis of mtDNA SNVs without PCR amplification
PCR amplification of multiple independent mtDNA products (for multiplex detection) adds several steps to an optimized allelic analysis strategy, and in a clinical setting requires confirmation that nuclear pseudogenes are not amplified. Pseudogene amplification can inadvertently bias heteroplasmic alleles and introduce spurious bases Parfait et al., 1998) . Although this issue can be subverted through the use of excess template and high fidelity polymerase, these concerns could also be eliminated by direct allelic primer extension from enriched mtDNA using plasmid purification procedures. For this type of analysis, closed circular mtDNA was prepared from isolated mitochondria of both lymphoblast and muscle samples using plasmid enrichment procedures or mtDNA isolation kits (Biovision, Mountain View, CA, USA). This resulted in a dominant DNA component migrating at 16 kb and detected by agarose gel electrophoresis ( Figure 5C ). The enriched mtDNA samples were then used as a template for extension of SNaPshot primers. A total of 50 extension cycles were used, versus the 25 cycles used for PCR amplified products. We also increased the ABI 3130x1 sequencer injection voltage to 2.2 volts from the standard 1.2 volts. Both modifications increased the peak signal strength. The MD1 extension results for mtDNA isolated from a muscle biopsy are shown in Figure 5A , and for MD2 mtDNA isolated from lymphoblast cells in Figure 5B .
SNaPshot analysis of mtDNA haplogroups
Because mtDNA haplogroups can modify the penetrance of the milder mtDNA mutations, predispose individuals to a broad range of common diseases, and be important for individual identification and for population studies, we used MITOMASTER (Brandon et al., 2009 ) to develop a SNaPshot SNV haplogrouping strategy. We took advantage of our sequential mtDNA mutational tree (Ruiz-Pesini et al., 2007) to identify key coding region variants that founded and thus defined the branching pattern of the mtDNA tree. We then selected a hierarchical set of SNVs that would Table 2 SNV panels used for interrogating the 23 most common pathogenic mtDNA SNV alleles using multiplex extension primers. sequentially subdivide the tree into successively smaller branches ( Figure 6 ). First, the mtDNAs are subdivided into the most ancient macro-haplogroup categories L (African), M and N (Asian), N (European), and the most common haplogroups using 21 (Table 3 ) SNVs interrogated in two multiplexed panels, HT1 and HT2 (Figure 6, yellow) . Each macro-haplogroup was further subdivided into haplogroups by six sets of 23-25 SNVs (Figure 6 ). By multiplex interrogation of successive groups of SNVs from the top of the tree to the bottom, this hierarchical system permits the maximum resolution of the mtDNA lineages with the minimum number of SNV tests. Therefore, the multiplex nature of SNaPshot provides a perfect platform for a hierarchal analysis of mtDNA haplogroups.
The classification of mtDNAs of European ancestry using the 'low resolution' HT1 and HT2 SNV panels (yellow in Figure 6 ) is shown in Figure 7 . The peak patterns for a haplogroup H individual are shown in Figure 7A (HT1 primer set) and B (HT2 primer set). Examples of other mtDNA haplo- type results are presented in the four pairs of panels below Figure 7A and B. These include mtDNAs that belong to haplogroup clusters JT, U1811, U, and L3.
Discussion
Interest in human mtDNA variation in clinical medicine, forensic identification, and population genetics is growing rapidly. Although the mtDNA is much smaller than the nDNA, its high mutation rate and crucial function in energy metabolism mean that recent pathogenic and ancient functional mtDNA polymorphisms are both common and of great importance to medicine and human biology.
Because of uniparental inheritance of the mtDNA and its resulting lack of recombination, pathogenic, functional, and neutral variants are often linked and can interact. For example, the penetrance of mild pathogenic mutations can be modified by the background mtDNA haplogroup. Several SNVs can accumulate along the branches of a particular haplogroup, potentially altering the physiological significance of the different sub-haplogroups. Likewise, neutral variants can become enriched in a population along with adaptive variants by hitchhiking. Therefore, testing for individual SNVs often gives an inadequate picture of the functional or evolutionary significance of an individual's mtDNA haplotype. By permitting the testing of multiple SNVs, the multiplex capacity of SNaPshot permits a much more integrated perspective of mtDNA variation than that achieved by a single SNV analysis.
In additional to its multiplex capability, SNaPshot permits addressing two unique challenges of mtDNA genetics: multiple allelism and heteroplasmy. Because all four different colored bases can be incorporated into the 39 end of the primer, SNaPshot naturally detects all possible alleles at a single SNV site. Moreover, if the SNV is heteroplasmic, then both the normal and mutant allele will be incorporated generating two colors in that primer's bin. The relative levels of the two colors then reflect the percentage heteroplasmy. Therefore, SNaPshot provides a uniquely appropriate platform for evaluating mtDNA variation for the individual clinical or population genetics laboratory, allowing one to focus on key changes in mtDNA, reducing analysis time and increasing throughput. It is also locus neutral with regard to being equally capable to interrogate any base found within mt-DNA. This presents significant advantages over traditional sequencing which requires the analysis of hundreds or thousands of bases.
Although SNaPshot permits the concurrent interrogation and quantification of multiple different SNVs, it does not tell the investigator the significance of the different SNV alleles or indicate the potential importance of their interaction. To provide this type of information, we have developed MITO-MASTER (Brandon et al., 2009) . MITOMASTER provides information on the nature of the various SNV alleles, their conservation, population frequency, haplogroup associations, known relevance to pathogenicity, etc. Therefore, the combination of the current SNaPshot SNV detection system with our MITOMASTER computer interpretation system provides an integrated and inexpensive tool by which clinical and research laboratories can screen large numbers of samples and these address a broad range of questions.
Materials and methods
SNV site selection
In total, 20 of the most common pathogenic mtDNA mutations (http://www.mitomap.org/rimtab2.html) were chosen for development of primer extension assays using the SNaPshot system (Table  2) . These were clustered into four groups: mitochondrial disease (MD), MD1, MD2, and LHON disease (LD), LD1 and LD2. The four most common pathogenic LHON mutations were duplicated in MD and LD panels 1 and 2, respectively. Three haplogroup-specific markers for haplogroups J and T were also incorporated into panel LD2 for their stated prevalence in LHON disease. The designation of all SNVs follows the numbering system of the revised Cambridge Reference Sequence (rCRS) (GenBank Accession NC_012920) (Andrews et al., 1999) . A SNaPshot panel for mtDNA deafness mutations has also been reported (Bardien et al., 2009 ).
Extension primer web tool
To rapidly design extension primers for multiplex reactions, we developed a novel, previously unpublished computer program that takes into account the DNA sequence surrounding the SNV and then varies the primer length and primer location to generate primers of comparable melting temperatures. This permits the concurrent amplification and subsequent resolution of all of the multiplex extended primers on a single ABI 3130xl automated sequencer column. The primer selection tool was written in Perl v5.8.8 and packaged into an object library. This new program was added to our existing suite of bioinformatic tools and has now been included as part of MITOMASTER (Brandon et al., 2009) . To run the program, the user inputs a list of comma separated SNV locations corresponding to the rCRS, a range of permissible primer melting temperatures, and the reaction concentrations for salt and G-C ratios. The program then proposes primers that meet the specification by iteratively computing the melting temperature for a sliding window of nucleotides across the rCRS according to previously identified equations (Breslauer et al., 1986; Rychlik et al., 1990; SantaLucia, 1998) . The program calculates and prints both upstream and downstream primer 
Haplogroups correspond to multiplex panels HT1 and HT2 in Figure 7 .
sequences potentially applicable for the proposed SNV in the standard 59 to 39 format. It specifies the reference nucleotide at that SNV location (RefNuc), the primer length (Length), melting temperature (MeltTemp), the forward or reverse strand sequence used (For/Rev), and the primer sequence (Primer Sequence) ( Figure 1A) . The results are output in a tabular format from which the user can perform the final primer selection based on desirable experimental criteria (Figure 1B) . A Perl::CGI module is used to extract the submitted parameters and the web interface is implemented in the TWiki software (Twiki.Net, Inc., Sunnyvale, CA, USA). All processing occurs on a Linux Apache server utilizing the mod_perl2 embedded Perl interpreter. An example of the program output is provided in Figure 1 and can be found at URL: http://mammag.web.uci.edu/bin/view/ Mitomaster/AnalysisPrimerSelection.
Primers for SNV analysis by primer extension
The primers proposed for the current analysis system were prepared in lengths ranging from 18 to 70 nts, and differing by 3-5 nts each to prevent spatial overlap when resolved on the capillary columns of our ABI 3130xl sequencer. We emphasize the use of primers under 40 base pairs in length to cut costs, but more expensive PAGE purification allows the design of primers up to 120 bp in length and allows for higher multiplexing of the extension primers. This makes sense especially in cases where the panel will be run with a high number of samples so that the cost savings of SNaPshot reagents outweighs the cost of the longer PAGE purified primer. When primers were found to overlap, they were further modified by adding poly(T) tails to adjust their electrophoretic elution point. This permits the creation of a series of primers that do not overlap when extended with either the normal or mutant base, thus creating nonoverlapping 'bins' for use in automated base calls with the GeneMapper software v4.0 (Life Technologies Inc.) (Table 2) . Primers were synthesized by Integrated DNA Technologies Inc. (Iowa City, IA, USA), and those greater than 38 nts in length were PAGE purified. All primers were stored in 100 mM stocks in 0.5 mM EDTA, 10 mM Tris, pH 8.0 at -208C.
Certain SNVs proved to be particularly difficult to extend with the correct base using cloned templates. This difficulty was most pronounced for the MELAS m.3243A)G and the NARP-LS m.8993T)G SNVs. These difficulties had to be resolved by empirically testing a number of alternative primer designs until the required specificity was obtained. Also, certain primers overlap polymorphic bases in certain mtDNA haplogroups, creating the possibility of amplification interference. The primers potentially affected by these interfering haplogroups and SNVs are listed in Table 4 .
Sample preparation
DNA was obtained from buccal swab, muscle, lymphoblast, or 143B osteosarcoma cell lines depending on the experiment. Genomic DNA was isolated from blood and lymphoblast cells using the puregene DNA isolation kit (Gentra Systems, Qiagen, Germantown, MA, USA). In some cases, the mtDNA was partially purified from human cell lines and tissue or their mitochondria using an mtDNA isolation kit (Biovision Research Products Inc., Mountain View, CA, USA). This method used a dounce homogenizer to release mitochondria, followed by enzyme treatment to obtain mtDNA from mitochondria.
mtDNA amplification
Whole mtDNA amplification was accomplished through PCR in overlapping fragments ranging in size from 1500 to 2500 bp involving seven fragments covering the coding region plus one fragment covering the control region. Following amplification, fragments were ExoSAP-IT treated and then added to the primer extension Figure 7 SNaPshot classification of European mtDNA haplogroups. Two SNaPshot multiplex panels, HT1 and HT2, which interrogate the 'low resolution' SNVs (yellow in Figure 6 ) were applied to various European mtDNAs. Peak numbers correspond to SNVs listed in Table 3 reaction mix. Because the entire mtDNA coding region is generated, the same mtDNA products can be used to interrogate any coding region SNV of interest. All mtDNA amplification primer sets were tested on genomic DNA isolated from cells lacking cytoplasmic mtDNA (r o cells) to confirm that none of the primer pairs amplified a nDNA-encoded mtDNA pseudogene sequence . Primer sequences for amplification of mtDNA templates are listed in Table 1 .
To amplify the template mtDNA, we used between 25 and 50 ng of genomic DNA, 0.4 mmol of each primer, 50 mM dNTPs, and 1.25 U Taq polymerase (Roche, Indianapolis, IN, USA). Amplification conditions for mtDNA fragments were as follows: 948C for 5 min, 35 cycles of 948C 45 s/568C 30 s/728C 3 min, followed by 728C for 5 min and hold at 48C.
Multiplex PCR conditions
The template mtDNA coding region fragments were assayed in two multiplex reactions. Odd numbered fragments were added to multiplex 1 and even numbered fragments to multiplex 2 (Table 1) . Other optimizations included increasing the polymerase to 3U/reaction and the Mg 2q concentration to 2.5 mM, doubling the DNA concentration, and reducing reaction volume from 50 to 15 ml. The control region fragment was amplified independently if needed. Following PCR amplification, products were combined and treated with ExoSAP-IT (USB, Cleveland, OH, USA) for 15 min at 378C followed by inactivation for 20 min at 808C. This step removes any remaining dNTPs that might otherwise cause a multibase extension as opposed to a single base incorporation desired in the subsequent primer extension steps.
Primer extension assays for SNVs
For the concurrent interrogation of 6-11 SNVs, the reaction mixture includes a mixture of the required primers at 0.05-1 mM each, the ExoSAP-IT purified mtDNA template PCR products, 5 ml of 2= SNaPshot mastermix (Life Technologies, Inc.) including polymerase, labeled ddNTPs (adenine, dR6G, green; cytosine, dTAMRA, As tested column, primer used was on the reverse strand.
black; guanine, dR110, blue; thymidine, dROX, red), 2= reaction buffer, in a total volume of 10 ml. The mixture was denatured at 948C for 1 min, and the primers repeatedly extended for 25-40 cycles of 948C for 10 s, 538C for 5 s, and 608C for 10 min, followed by a final denaturation at 948C for 30 s. Following the primer extension reactions, unincorporated ddNTPs were removed by digestion with shrimp alkaline phosphatase for 60 min at 378C and the primertemplate pairs denatured at 708C for 15 min. The primer extension products were combined with GeneLiz120 size standards, diluted 1:10 in Hi-Di formamide, denatured for 5 min at 958C, immediately chilled on ice, and resolved on the ABI 3130xl. For heteroplasmy assessment, the relative fluorescent peak levels were determined. However, to avoid fluorescent signal saturation, the extension reaction often needed to be diluted before sequence analysis. Increasing the number of extension cycles increased the sensitivity for low allele levels as did altering primer sequences to improve binding efficiency and specificity and increasing or decreasing primer concentrations.
DNA collection, purification, and quantification
Experiments used to determine assay sensitivity were performed using serial dilutions of DNA quantified by spectrophotometry at 260 nm and confirmed through agarose gel electrophoreses alongside a standard DNA ladder of known DNA quantity (typically the O-gene Ruler plus Fermentas, Hanover, MD, USA). The products amplified were control products known to have either a WT or variant base at the intended interrogation site. The gel run PCR bands were resolved and quantified using a Bio-Rad gel GelDocXR imager (Bio-Rad Inc., Hercules, CA, USA) and image analysis was performed using Quantity One software from Bio-Rad and normalized over several iterations of gels by changing the loading volumes. The consistency of the gel quantification results was confirmed using pico green dye staining (Life Technologies Inc.) measured against a DNA standard curve and read using a NOVOstar fluorescent plate reader at 480 nm excitation and 520 nm emission spectra.
Analysis of extension products with GeneMapper
Because the primers, when 39-extended by different fluorescentlabeled dideoxynucleotides, have slightly different mobilities on the ABI 3130xl capillaries, we used GeneMapper 4.0 to set up capillary elution regions, 'bins'. These bins encompass the mobility of all four possible products of the primer extension assay. Because image analysis for many samples was impractical, result fields such as ( peak height, allele calls, and peak areas were collected in text format using the GeneMapper report manager and exported into Excel where they were scored for the variants. Extension peaks were only referenced in cases of low signal strength, when heteroplasmy was present, or there was a discrepancy in the data. Along with the multiplex amplifications and extension reactions, this greatly facilitated the high sample throughput and allowed for fast typing of pathogenic mutations or haplogroup-specific SNVs.
Haplogroup classification by identifying SNVs
A SNaPshot haplogroup determination strategy was developed based on selecting nodal SNVs that separate major branches of our mtDNA mutational tree (Ruiz-Pesini et al., 2007) . These were grouped into a hierarchical series of SNaPshot multiplex reactions, thus permitting the sequential subdivision of the branches of the tree. The primers used for separating mtDNAs into the macro-and major haplogroups are presented in Table 3 . Polymorphic bases associated with specific haplogroups that can interfere by causing a primer/template mismatch are listed in Table 5 .
